

[image: The linkage between phytoplankton productivity and photosynthetic electron transport in the summer from the Changjiang River to the East China Sea]
The linkage between phytoplankton productivity and photosynthetic electron transport in the summer from the Changjiang River to the East China Sea





ORIGINAL RESEARCH

published: 01 August 2024

doi: 10.3389/fmars.2024.1383988

[image: image2]


The linkage between phytoplankton productivity and photosynthetic electron transport in the summer from the Changjiang River to the East China Sea


Shuyi Fei 1, Yonghui Gao 1,2,3*, Ji Li 1,2,3 and Lingzhi Cao 4


1 School of Oceanography, Shanghai Jiao Tong University, Shanghai, China, 2 Shanghai Key Laboratory of Polar Life and Environment Sciences, Shanghai Jiao Tong University, Shanghai, China, 3 Key Laboratory of Polar Ecosystem and Climate Change, Ministry of Education, Shanghai, China, 4 School of Environmental Science and Engineering, Shanghai Jiao Tong University, Shanghai, China




Edited by: 

Wei-dong Zhai, Southern Marine Science and Engineering Guangdong Laboratory (Zhuhai), China

Reviewed by: 

Shaofeng Pei, Qingdao Institute of Marine Geology (QIMG), China

Yuqiu Wei, Chinese Academy of Fishery Sciences (CAFS), China

*Correspondence: 

Yonghui Gao
 ygao80@sjtu.edu.cn


Received: 08 February 2024

Accepted: 03 June 2024

Published: 01 August 2024

Citation:
Fei S, Gao Y, Li J and Cao L (2024) The linkage between phytoplankton productivity and photosynthetic electron transport in the summer from the Changjiang River to the East China Sea. Front. Mar. Sci. 11:1383988. doi: 10.3389/fmars.2024.1383988



Variable fluorescence measurements provide automatic and rapid estimates of electron-based photosynthesis. However, electron transport rates (ETR) to phytoplankton production vary greatly due to biological physiology and environmental stress along the Changjiang River to the adjacent seawater, where the turbid riverside, nutrient-rich river plume, and seawater are divided by the sediment front and plume front. We assessed the light responses of ETR, 18O-labeled gross primary production (GPP), and O2-based net community production (NCP) during the bloom season at the Changjiang River Estuary. The distribution of phytoplankton and potential photosynthesis efficiency were positively correlated, exhibiting offshore decreasing trends and peaking around the upwelling areas. The conversion factors of ΦGPP (mol e- per mol O2 production) ranged from 0.8 to 31.8, and ΦNCP ranged from 0.9 to 36.9, respectively. Φe: O increased from the nutrient-rich Changjiang diluted water (CDW) to the nutrient-poor seawater. Although ΦGPP and ΦNCP were linearly related to non-photochemical quenching (R2 > 0.5) in the CDW, this relationship was decoupled in offshore seawater due to P-limitation, light stress, and shifts in the phytoplankton community. A better relationship between ΦGPP and ΦNCP was quantified using multiple linear analyses with the light attenuation coefficient (Kd), euphotic depth (Zeu), salinity, nutrients, and temperature (p< 0.001). This improvement in accuracy represents a major step forward for widespread and accurate fluorometry-based GPP and NCP applications at high temporal and spatial resolutions in the future.
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1 Introduction

Phytoplankton account for half of the global photosynthetic carbon fixation (Field et al., 1998) and play a key role as the biological carbon pump, regulating oxygen production, carbon sequestration, and climate change (Le Quéré et al., 2018). Photosynthesis is initiated by a light reaction in photosystem II (PSII) photo-electrochemistry that extracts four electrons from two H2O molecules to produce oxygen (O2) and four H+ ions. The electrons are then simultaneously transported to photosystem I (PSI), producing NADP+, which supplies the energy (ATP) and reductant (NADPH) needed to fuel the Calvin cycle for C-fixation, the Mehler reaction, and alternative oxidation reactions (Zhang and Reisner, 2019). When phytoplankton are exposed to increasing irradiance, their photosynthetic rate initially increases with light until reaching saturation. Gross primary production (GPP) is tightly linked to electron transportation rates (ETR) in PSII and total oxygen evolution (O2-based GPP). Net community production (NCP), the difference between GPP and respiration, is often linearly related to carbon fixation in biochemical processes (Suggett et al., 2006a; González et al., 2008; Tanaka et al., 2013). However, oxygen consumption in phytoplankton is often complicated by a series of reactions, such as ordinary respiration through the cytochrome oxidase pathway, respiration by the alternative oxidase pathway, the Mehler reaction, and photorespiration (Estapa and Mayer, 2010; Suggett et al., 2010). Understanding the biological mechanisms underlying photosynthesis is of utmost relevance to advancing our understanding of regional variability and controls on phytoplankton productivity (Burlacot et al., 2020).

The estimation of phytoplankton photosynthetic rates has long been a limitation in our understanding of the significance of phytoplankton in the global carbon cycle, despite the availability of regional data on phytoplankton primary productivity. Traditional incubation experiments estimate the photosynthetic intake of CO2, and the production of O2 and carbohydrates along the photosynthetic pathway. However, these estimates can be altered by changes in nutrient availability, microbial activity, grazing pressure, and bottle effects during the time-consuming incubation process (Hamme et al., 2019). The recent development of active chlorophyll-a fluorometers provides fast, non-invasive, accurate, and accessible platforms to assess phytoplankton physiology, particularly the maximum potential photochemical efficiency (Fv/Fm) (Kolber and Falkowski, 1993). Rapid photosynthesis-irradiance (P-I) responses provide a convenient method to obtain electron-based production, allowing for the monitoring of electron transport in PSII light reactions. These reactions are closely linked to carbon uptake and oxygen production (Suggett et al., 2009a; Petrou et al., 2016; Ryan-Keogh et al., 2018).

According to the different “currencies” (O2 or C) for mass transfer production, the conversion factors can be classified as Φe: O (mol e- per mol O2 production) and Φe: C (mol e per mol C production) for the ratio of electron-based production to oxygen- and carbon-based production, respectively. The theoretical value of Φe: O is approximately 4 mol e- per mol O2 production. However, electron-based GPP varies significantly from oxygen evolution and carbon fixation (Macintyre et al., 2002; Lawrenz et al., 2013; Robinson et al., 2014; Hughes et al., 2018b). This uncertainty in converting electrons to oxygen production (or carbon fixation) hinders the widespread application of variable fluorescence. Numerous studies have estimated the conversion factors needed to address this problem in recent years. Fourteen different regional studies, from polar seas to temperate estuaries, revealed that Φe: C exhibits a 50-fold variation, ranging from 1.15 mol e- to 54.2 mol e- per mol C production, with a mean of 10.9 ± 6.91 mol e- per mol C production (Lawrenz et al., 2013). In response to environmental stress, Φe: C often exceeds the theoretical value, changing from 13 mol e- to 28 mol e- per mol C production in the dim water of the Arctic Ocean. Φe: C​ increases (up to ~18 mol e- per mol C production) in iron-depleted conditions than in iron-replete waters (~15 mol e- per mol C production) (Schuback et al., 2015). Differences in taxa and their metabolism change Φe: C from 4.5 mol e- to 25.4 mol e- per mol C production and Φe:O from 1.6 mol e- to 9.6 mol e- per mol O2 production in nutrient-replete conditions (Suggett et al., 2009a). Therefore, the interplay of physical–chemical changes and phytoplankton community composition likely leads to variations in Φ values (Macintyre et al., 2002; Robinson et al., 2014). Understanding phytoplankton photosynthesis response to environmental changes would objectively improve the evaluation of Φ, facilitate productivity estimation at high spatial-temporal resolution, and provide better insight into ocean production and carbon cycles.

The Changjiang River (Yangtze River), the largest river in China and the fifth largest in the world, delivers substantial amounts of nutrients into the East China Sea (ESC), supporting massive phytoplankton blooms. After the 1980s, the frequency, duration, and coverage of algal blooms have increased dramatically (Zhao et al., 2021). Annual primary production (PP) from the Changjiang River to the East China Sea is 222.99 Tg C a-1 per year, ranging from 65.15 Tg C a-1 per year to 821.32 Tg per year C a-1 (Jiao et al., 2018). This annual PP is 12 times higher than the riverine carbon flux into the sea, which includes particulate organic carbon (POC) at 1.51 Tg C a−1 ± 0.80 Tg C a−1, dissolved organic carbon (DOC) at 1.62 Tg C a−1, and dissolved inorganic carbon (DIC) at 14.60 Tg C a−1 per year (Jiao et al., 2018). There is no doubt that biological activity plays an important role in biogeochemical cycles, making this region a net carbon sink (6.92 Tg C a-1–23.30 Tg C a-1, CO2 air-sea flux) (Zhang et al., 2014; Jiao et al., 2018). Additionally, there are large spatial gradients of nutrients, POC concentrations, phytoplankton Chl a, and biomass in the dynamic shelf ecosystems of the East China Sea. Seasonal variations of Chl a and PP are similar in coastal waters but opposite in off-shelf waters due to variations in C: Chl a ratios driven by the combined influences of light, temperature, and nutrients (Liu et al., 2019). The complexity of physical and biogeochemical processes (Figure 1) not only poses a challenge for understanding biological carbon fixation and changes in carbon budgets but also complicates the application of variable fluorescence. In this study, we conducted a comprehensive survey of hydrology, bioavailable nutrients, and phytoplankton production (Figure 1). To address the gap in understanding the mechanisms of phytoplankton physiological activity, we performed light–dark incubation experiments at representative stations to measure GPP and NCP using the H218O dilution method and the ETR light curve with fast repetition rate fluorometry (FRRf). Furthermore, we analyzed the conversion factor (Φe: O, mol e- per mol O2 production) between electron transport and oxygen production using two main analysis methods: (1) the linkage of Φe: O to NPQNSV (Ryan-Keogh et al., 2018; Hughes et al., 2018c; Schuback and Tortell, 2019) and (2) the multiple linear regression of Φe: O with environmental factors (Lawrenz et al., 2013) to identify rational relationships in this complex ecosystem. These efforts aim to enhance the possibility and reliability of FRRf-based production measurements on a high-resolution temporal scale in this region.




Figure 1 | Sampling stations and hydrology schemes. This region is under the influence of different water masses, including Yellow Sea Mixing Water (YSMW), Changjiang Diluted Water (CDW), and Taiwan Warm Current (TWC). The vertical profiles of hydrography and nutrients were taken at all stations, and incubation was selected at 14 stations (red dots).






2 Materials and methods



2.1 Study sites

The study region, a long-term monitoring ecosystem, covers the mouth of the Changjiang River to the marginal East China Sea (Figure 1). This area has been affected by anthropogenic riverine discharge, summer stratification, upwelling, and the intrusion of Kuroshio currents. The riverine plume (changing diluted river, CDW) extends to the northeast in summer and is strongly influenced by river discharge, the East Asia monsoon, tidal mixing, coastal currents, and continental shelf circulation. After the plume moves off the sediment maximum zone, massive but patchy phytoplankton blooms often occur in the neritic and oceanic waters.




2.2 Sampling strategy and hydrographic properties

Our field investigation along the five transects (Figure 1) was conducted from 12 to 18 July 2021. Incubations were performed at stations where the Chl a in the maximum chlorophyll layer exceeded 2 mg m-3, ranging from tidal freshwater to seawater. To estimate the photosynthesis-irradiance curve, ETR was determined from the rapid light curve (RLC) of variable fluorescence (Suggett et al., 2006b; Zhang and Reisner, 2019). Oxygen-based GPP and NCP were measured using the 18O-diluted method (Bender, 1987).

The physical and biogeochemical structures were measured vertically using sensors for salinity, temperature, turbidity, and photosynthetically active radiation (PAR) on a CTD-911 (Sea-Bird Inc., United States). The euphotic layer depth (Zeu) was defined as the depth where the irradiance (Ez) is 1% of the surface irradiance (E0). The mixing layer’s (Zmix) depth was determined as the depth of maximum buoyancy. Light limitation was considered when the ratio of Zeu to Zmix was below 0.2 (Cloern, 1987). The depth profile of PAR was used to calculate the optical attenuation coefficient using the formula Kd = ln (E0/Ez)/z.




2.3 Biochemistry properties

The vertical changes in chlorophyll a (Chl a) and nutrient concentrations were measured at the surface, middle, and bottom layers (Figure 1). Water samples were filtered through GF/F filters (pore size 0.7 μm, Whatman, United Kingdom) and frozen at -20°C. The concentrations of ammonia (NH4+), dissolved inorganic phosphate (DIP), and dissolved silicate (DSi) were measured with a semi-continuous UV-VIS spectrophotometer (Cary Series, Agilent Technologies®, United States) (Parsons et al., 1984). The detection limits were 0.3 µmol of NH4+ L-1 using the indophenol blue method, 0.5 µmol of Si L-1 with the silico-molybdenum blue method, and 0.001 µmol of P L-1 using the molybdenum blue method. Nitrate (NO3-) and nitrite (NO2-) concentrations were analyzed with a nutrient analyzer (AQ400, Seal Analytical®, China) with detection limits of 0.2 µmol of NO3- L-1 and 0.01 μmol of NO2- L-1, respectively. Subsamples for Chl a were filtered on GF/F filters and then frozen until analysis. Filters were extracted with 10 mL of 90% acetone overnight in the dark and measured with a trilogy fluorometer (Turner Designs, Inc., United States).




2.4 In situ measurement of fast repetition rate fluorometry

Fast repetition rate fluorometry (FRRf) was used to record the maximum photochemical efficiency of PSII (Fv/Fm). Water samples, either from underway water or incubation experiments, were automatically filled with a built-in peristaltic pump into a temperature-controlled chamber and adapted in the dark for 15 min. By stimulating reaction centers to close and open, phytoplankton produced the minimum fluorescence (F0) in the dark and reached the maximum fluorescence (Fm) when the photosynthetic light reactions became saturated under a light pulse. The saturating light pulse was set to 50–100 single turnover (ST) saturation flashes with a duration of 0.2 ms and an interval of 2.4 ms (Suggett et al., 2009a). After baseline correction (Fb) with the filtered seawater, the ratio of variable fluorescence to maximum fluorescence was calculated as Fv/Fm = (Fm-F0)/(Fm-Fb).

The electron transfer rates were simulated with RLC curves at stations for GPP and NCP estimation. In situ actinic light was set from dark to saturation level (1,000 μmol photons m-2 s-1–1,500 μmol photons m-2 s-1) in ten steps. At each light level, the minimum fluorescence F0’ and maximum fluorescence Fm’ were obtained to calculate the variable fluorescence (Fv’ = Fm’ - F0’). Between 40 and 60 sequential induction curves were averaged per acquisition to increase the signal-to-noise ratio (Lawrenz et al., 2013). Non-photochemical quenching (NPQ) was used to measure excess energy dissipation, where the NPQNSV (normalized Stern-Volmer quenching coefficient) is calculated as F0’/Fv’ (Ryan-Keogh et al., 2018).

The electron transfer rates are closely linked to photosynthetic activity. Data from the RLC were processed to derive fluorescence parameters by fitting Equations 3 and 4 with ActRun software. Three parameters can be obtained from the RLC: the initial slope (αETR), which represents the ability of phytoplankton to capture light when the radiation intensity is limited; the half-saturation intensity (EkETR, µmol photons m-2 s-1); and the maximum relative electron transport rate (ETRmax, mmol e- per mg Chl a per hour).

Chlorophyll a normalized ETR (mmol e- per mg Chl a per hour) can be calculated as (Equations 1, 2) (Hughes et al., 2018b; Oxborough, 2022):

 

 

where E (µmol photons m-2 s-1) is the actinic irradiance at each light level, Ka is the manufactural setting of 11,800 m-1, 3,600/103 converts µmol electrons to mmol electrons, and s-1 to h-1. Fq’/Fm’ is the quantum efficiency of energy conversion in PSII at a given light intensity. When in situ light < Ek, we calculate it as follows:

 

Although the light inhibition barely occurred in the field observation, Equation 4 is applied once in situ light > Ek:

 




2.5 The 18O-based gross primary production and net community production

The dilution of H218O method allows for measuring GPP by tracing 18O16O (m/z = 34) from the water split in PSII and measuring NCP by 16O16O (m/z = 32) accumulation over time using a membrane inlet mass spectrometer (Ferron et al., 2016). Briefly, 350 mL samples were well-mixed with H218O at the final δ18Owater of 1,200‰ and then filled into a set of 12 mL dark gastight tubing and light bottles that were covered with half-shield meshes to maintain 12.5%, 25%, 50%, and 100% of in situ irradiance. The incubation was carried out for 4 h to 6 h in a circulating temperature-controlled water bath. Samples were fixed with a saturated mercuric chloride solution (~ 0.1% of the total sample volume) at the end of incubation to inhibit biological activity, then stored in the dark at 4°C to avoid degassing.

Water samples were passed through a semipermeable microbore silicone membrane ( 0.8 mm, SilasticVR, DuPont, United States) at a fixed flow rate of 2 mL min-1. Dissolved gases in seawater diffused via the membrane into the vacuum line and then passed through a liquid-N2 trapper, which removed water vapor and CO2 and allowed the rest of the gases into a quadrupole mass spectrometer (QMS) (Ferron et al., 2016). Mass currents (18O16O, 16O16O, and 40Ar) and their ratios were recorded (Piffer Vacuum, Inc., Germany). To correct instrument drift, calibration was applied with equilibrium water, which was stirred overnight in the temperature-controlled chamber.

Considering that water splitting only produces 16O16O (the natural abundance of 16O being 99.8%, O2 is produced from H2O at 99.6% as 16O2) and neglecting isotopic discrimination between 18O16O and 16O16O by uptake mechanisms, the following equations modified from Radmer and Kok (1976) and Peltier and Thibault (1985) can be used. The oxygen isotope ratio (18R) is determined as follows (Equation 5):

 

Oxygen isotopic composition (δ18O, ‰), which indicates the abundance of 18O in the water relative to its abundance in a reference standard (SMOW), which was analyzed in the SJTU analysis center (Equation 6):

 

GPP (mmol O2 m-3 h-1) was obtained through the change in the isotope ratio of dissolved O2 over the incubation period (Equation 7):

 

where 18R(O2) represents the initial (t1) and final (t2) isotope ratios of dissolved O2, respectively. 18Rwater refers to the isotope ratios of incubation water and [O2]t1 is the initial concentration of dissolved oxygen.

NCP (mmol O2 m-3 h-1) over the incubation interval can be determined from the net change in O2/Ar (Equation 8), simultaneously:

 

where (O2/Ar)t1 and (O2/Ar)t2 represent the initial and final O2/Ar ratios. (O2/Ar) reference is the O2/Ar ratio in the equilibrium water, which is stirred overnight in the temperature-controlled chamber.

Chlorophyll normalized rates of O2 production (P, mmol O2 per mg Chl a per hour) at each light level were used to simulate the light curve (Equation 9) to estimate the maximal light-saturated Chl a specific GPP (GPPmax, mmol O2 per mg Chl a per hour) and NCP (NCPmax, mmol O2 per mg Chl a per hour), the initial slope in the light limit situation (αGPP, αNCP), and the half-saturation light intensity (EkGPP, EkNCP, µmol photons m-2 s-1). The light inhibition stage was expressed with β and Ekβ. Photoinhibition barely occurred in this study, so the second term can be negligible.

 

Gross photosynthesis from variable fluorescence can be quantified in absolute units of O2 from the knowledge of the quantum yield of charge separation in PSII (Petrou et al., 2016) and the electron requirement for O2 production, respectively. The conversion factor between electron transport and oxygen production was then calculated for ΦGPP (Equation 9) and ΦNCP (Equations 10) as follows:

 

 




2.6 Data processing and statistical analysis

Box plots were used to determine the regional range of photosynthetic parameters and conversion factors. Data analysis among environmental and photosynthetic parameters was conducted using the R program. Linear correlations aimed to identify the potential linear relationship between Φe: O and NPQNSV. Pearson analysis was also applied to find the correlation among environmental factors Fv/Fm, α, Ek, ETRmax, GPPmax, NCPmax, and conversion factors Φe: O. Multiple linear regressions were used to establish the statistical models for evaluating conversion factors in relation to environmental factors.





3 Results



3.1 Hydrographic properties

The study region is under the strong influence of the eutrophic Changjiang River and seawater from the Taiwan Warm Current (TWC), Kuroshio Current, and Subei Coastal Current (Figure 1). The sea surface temperature and salinity exhibited large spatial variations (Figure 2; Table 1). Similar to previous studies (Yao et al., 2007; Wu et al., 2014), the discharge of warmer and fresh river water (T > 27°C, S< 5) flowed northeastward and mixed with seawater, thus forming CDW (S< 26). The surrounding high -salinity seawater either came from the cold Yellow Sea Mixed Water (T< 25°C, S > 26) in the north or the warm Taiwan Warm Current (T > 27°C, S > 26) in the south. On the sea surface, an obvious salinity and temperature gradient existed between CDW and seawater. Vertically, the upwelling above the river valley (31.5°N, 122.3°E) brought colder and saline bottom water near the surface (Supplementary Figure 3) and simultaneously led to a surface temperature decrease and salinity increase relative to the surrounding water (T< 25°C, S of 25–28, Figure 2).




Figure 2 | Distribution of (A) temperature (Temp., °C), (B) salinity (Sal.), (C) turbidity (NTU), and (D) chlorophyll (Chl a, mg m-3). In (D), the study region was divided into the river region (Zone 1, with stations of A41, A42, and B3), with sediment front (SF, the dashed line) and plume front (PF, solid lines); the plume region (Zone 2: A11, A22, A24, A25, A32, A33, and A72); and the oceanic region (Zone 3: A13, A14, A34, and A43).




Table 1 | Multiple linear regression of Φe:O and environmental factors: temperature (T), attenuation coefficient (Kd), euphotic layer depth (Zeu), phosphate (P), and the N/P ratio (N/P) in the study region.



The turbid water flowed downstream, forming the turbidity maximum zone (TMZ) near the river mouth, and then decreased sharply offshore. Turbidity was negatively related to Kd and PAR, which increased from the river to the offshore region correspondingly (Supplementary Table 1). Although the river to TMZ was heavily inhibited by light, the incubation sampling stations were taken from the surface, where the ratios of Zeu and Zmix were > 0.2.

Traditionally, the sediment front (SF) and plume front (PF) were used to classify the physical and biological properties of the Changjiang River estuary and the adjacent water (Li et al., 2021, 2023). Therefore, the study area was divided into three zones by the outer boundary of TMZ as SF and the boundary of CDW core-water as PF: Zone 1 (Changjiang River mouth, turbidity > 5, salinity< 20, n = 3), Zone 2 (plume water, turbidity< 5; 20< salinity< 26, n = 7), and Zone 3 (seawater, salinity > 26, n = 4).




3.2 Distribution of Chl a and nutrient

The average of Chl a in Zone 2 (7.61 mg·m-3) > Zone 3 (4.13 mg·m-3) > Zone 1(2.42 mg·m-3, Table 1). Concentrations of Chl a (Figure 2D) were low in the turbid Zone 1 and increased immediately off the SF as a “green belt” at Zone 2. The peak of phytoplankton bloom was observed at the east end of upwelling (station A2–4, Chl a up to 17.35 mg·m-3). In the further offshore region, Chl a reduced as salinity increased in seawater.

Nutrient distribution (Figure 3) was closely related to physical processes (e.g., river delivery, upwelling) and biological nutrient removal. Both NO3-+NO2- and DSi decreased from the river (>100 μmol L-1) downstream, with a sharp reduction from the SF along CDW, and then reduced to below 20 μmol L-1 in seawater (Supplementary Table 1). Although DIP exhibited a decreasing offshore pattern, the highest value of 0.74 μmol L-1 was observed near the upwelling and the lowest in the seawater (Figure 3 and Supplementary Table 1), with 89% of stations in Zone 3 below the absolute limitation threshold of 0.1 μmol L-1 (Yang et al., 2005). Except for upwelling, which brought NH4+ upward to reach up to 3.07 μmol L-1 in Zone 2, NH4+ was lower in the phytoplankton blooming area relative to other waters.




Figure 3 | Distribution of (A) NO3-+NO2- (µmol L-1), (B) silicate (Si, µmol L-1), (C) dissolved inorganic phosphate (DIP, µmol L-1), (D) NH4+ (µmol L-1), and (E) the potential maximum photosynthesis efficiency (Fv/Fm). The study region was divided into three zones with sediment front (SF, the dashed line) and plume front (PF, solid lines).






3.3 Photosynthetic response

The physiological activity indicators of phytoplankton, Fv/Fm, exhibited large spatial variation (Figure 3E), ranging from 0.30 to 0.59 (average = 0.48, n = 193). Fv/Fm was well-correlated with Chl a (Pearson coefficient r = 0.83, p< 0.01). As the river plume flowed northeastward and passed through SF offshore, Fv/Fm increased with Chl a, light, and nutrient availability in Zone 2, with latitudinal increase in the north region and peaking at 0.5–0.6 around the upwelling (122.5°E–123°E, 31.8°N). In further offshore seawater, Fv/Fm generally decreased in the nutrient-poor seawater.

NPQNSV indicates the portion of light energy absorbed into PSII that is dissipated in the form of heat rather than used for photosynthetic electron transport. The average NPQNSV value at each station ranged from 0.66 to 1.44. NPQNSV increased with light at the sampling depth (r = 0.561, p< 0.05).




3.4 Photosynthetic parameters of ETR, GPP, and NCP

The productivity (ETR, GPP, and NCP) was fitted with the photosynthesis-irradiance curve for the initial slope (αETR, αETR, and αETR), half-saturation light intensity (EkETR, EkGPP, and EkNCP), and maximum production (ETRmax, GPPmax, and NCPmax). A higher initial slope (α) indicates higher phytoplankton productivity at a given light. The range of αETR was 0.74 ×10-2–3.94×10-2, with a significantly higher value in Zone 3 than in the rest of the area (p< 0.05, Figures 4 and 5). Relative to αETR, the changes of αGPP and αNCP were in narrower ranges of 0.17 to 1.94 and 0.16 to 1.29 (×10−²), respectively. The observed αGPP in Zone 2 was 30% higher than that in Zone 1 and 1.8 times higher than that in Zone 3 (Supplementary Table 2). In addition, αNCP in the river-influenced water (Zones 1 and 2) was more than double that of Zone 3.




Figure 4 | The photosynthetic parameters reflect the light-driven changes in productivity, including electron transport rates (ETR), gross primary production (GPP), and net community production (NCP). The upper panels are the initial slopes for ETR [αETR, mmol e- mg Chl a-1 h-1 (μmol photons m-2 s-1)-1, (A)], GPP [(αGPP, mmol O2 mg Chl a-1 h-1 (μmol photons m-2 s-1)-1, (B)], and NCP [αNCP, mmol O2 mg Chl a-1 h-1 (μmol photons m-2 s-1)-1, (C)]. The middle panel exhibited the light saturation irradiation of parameters ETR [EkETR, μmol photons m-2 s-1, (D)], GPP [EkGPP, μmol photons m-2 s-1, (E)], and NCP [EkNCP, μmol photons m-2 s-1, (F)]. The lower panels refer to the maximum of chlorophyll -normalized ETR [ETRmax, mmol e- mg Chl a-1 h-1, (G)], GPP [GPPmax, mmol O2 mg Chl a-1 h-1, (H)], and NCP [NCPmax, mmol O2 mg Chl a-1 h-1, (I)] at the light-saturated level. The study region was divided into three zones with sediment front (SF, the dashed line) and plume front (PF, solid lines).






Figure 5 | The regional difference of P-E parameters in three zones. In each boxplot, the central line represents the median, with the box extending to the 25th and 75th percentiles, respectively. The discrete points are outside the 95% confidence interval. *significant difference (p< 0.05, t-test).



The half-saturation Ek (μmol photons m-2 s-1) exhibited an offshore decreasing pattern (Zone 1>2>3, Supplementary Table 2). We found the maximum EkETR (1270) and EkNCP (825) at station B3 in TMZ, and the average lowest EkGPP (56) and EkNCP (146) in the river plume. However, in situ light increased offshore; thus, in Zone 3, we found E0 (276 μmol–351 μmol photons m−² s−¹) exceeded Ek (average: 296 ± 27 μmol photons m-2 s-1).

In contrast, Chl a-normalized ETRmax (mmol e− per mg Chl a per hour) increased offshore, with the highest observations in the sea and the lowest in light-limited water (Supplementary Table 2). ETRmax changed with Chl a (r = 0.73, p< 0.05); for example, the highest ETRmax (37.56) was observed at the Chl a maximum station of A2–4. The ETRmax was often enhanced with the increase of Chl a in plume water. Although GPPmax and NCPmax were lower than ETRmax, both exhibited similar spatial changes. The average GPPmax is highest in Zone 1 (3.81), followed by Zone 2 (2.65), and lowest in Zone 3 (1.06). NCPmax decreased from Zone 1 (2.50) to Zone 2 (2.15), and further dropped in Zone 3 (1.01).




3.5 The conversion factor

In the study region, the distribution of Chl a is well-correlated with ETR (R2 > 0.8), GPP (R2 > 0.7), and NCP (R2 > 0.7) (Supplementary Figure 1). Ratios of NCP/GPP ranged from 0.49 to 0.94, with an average of 0.77.

The positive correlations of ETR vs. GPP (r = 0.88) and ETR vs. NCP (r = 0.91) suggest the likelihood of establishing conversion factors—a connection between total electron production and oxygen production. Conversion factors (mol e- per mol O2 production) varied within a range of 0.8–31.8 for ΦGPP and 0.9–36.9 for ΦNCP (Figures 6, 7 and Supplementary Table 2). From the river mouth to the CDW (Zones 1 and 2), the ranges of ΦGPP and ΦNCP were 0.8 mol e–6.6 mol e- per mol O2 production and 0.9 mol e–12.7 mol e- per mol O2 production, with averages of 3.9 mol e- and 5.6 mol e- per mol O2 production, respectively. In Zone 3, ΦGPP (6.9 mol e–31.8 mol e- per mol O2 production) and ΦNCP (8.7 mol e–36.9 mol e- per mol O2 production) were significantly higher (p< 0.05) and more variable than the rest of the area. The lowest ΦGPP and ΦNCP were both located in the surrounding upwelling.




Figure 6 | Distribution of the photosynthetic conversion factors of ETR vs. GPP (ΦGPP, A) and ETR vs. NCP (ΦNCP, B). unit: mol e- per mol O2 production. The study region was divided into three zones with sediment front (SF, the dashed line) and plume front (PF, solid lines).






Figure 7 | Variability of the photosynthetic conversion factors (A) ΦGPP and (B) ΦNCP in Zones 1, 2, and 3. In each boxplot, the central line represents the median, with the box extending to the 25th and 75th percentiles, respectively. The discrete points are outside the 95% confidence interval. *significant difference (p< 0.05, t-test).



Conversion factors changed tightly with the photosynthetic parameters (Supplementary Figure 2). ΦGPP was well-correlated with ΦNCP (r = 0.99, p< 0.01), and both had positive relationships with αETR (r > 0.6) and ETRmax (r > 0.5), respectively. αGPP, αNCP, GPPmax, and NCPmax were negatively correlated with the conversion factors. However, Ek played a smaller role in regulating ΦGPP and ΦNCP. Additionally, the light responses of photosynthesis metabolism were tightly associated, as evidenced by the correlation coefficients of αGPP vs. αNCP (r = 0.91) and GPPmax vs. NCPmax (r = 0.94, p< 0.01), and both α and Pmax increased with nutrient availability (r > 0.3).

The assessment of the correlation between ΦGPP, ΦNCP, and NPQNSV revealed electron acquisition for production and alternative electron pathways. Positive regressions were observed between ΦGPP and NPQNSV (ΦGPP = 9.52 NPQNSV – 3.28, R2 = 0.575, p< 0.01, Figure 8A) and also between ΦNCP and NPQNSV (ΦNCP = 38.3 NPQNSV – 25.3, R2 = 0.711, p< 0.01, Figure 8B). However, these correlations presented a form of discrete points in saline Zone 3 with high Φ values (S > 26; approximately 40% of the data in Zone 3 were in a discrete state).




Figure 8 | Linear relationship in the study regions of (A) NPQNSV and ΦGPP and (B) NPQNSV and ΦNCP. Salinity values are indicated in each area: Zone 1: S< 15; Zone 2: 15< S< 26; and Zone 3: S > 26.






3.6 Environmental regulation on conversion factors

In this highly dynamic ecosystem, water properties, nutrient availability, and light limitations may induce different photosynthetic responses in oxygen production and electron requirements. In the Pearson correlation heatmap for the linkage of conversion coefficients with environmental factors (Figure 9), ΦGPP and ΦNCP were positively related to Zeu (r > 0.4) and salinity (S, r > 0.3), while they negatively correlated with nutrients (N, P, Si, r< -0.3), optical attenuation coefficient (Kd, r< -0.4), and surface light intensity (E0, r< -0.1). Although temperature is not significantly related to ΦGPP, temperature increases photosynthesis efficiency Fv/Fm (r = 0.72, p< 0.01). To quantify the linkages of ΦGPP and ΦNCP with environmental dependency, multiple linear regression was applied to find the environmental dependency of ΦGPP (=194.4–13.5Kd+3.5Zeu-7.8T-156.7P+3.5N/P, R2 = 0.90) and ΦNCP (=224.3–17.6Kd +3.7Zeu-8.8T-184.5P+4.2N/P, R2 = 0.87) (Table 1).




Figure 9 | Matrix of Pearson’s linear correlation among ΦGPP, ΦNCP, and in situ environmental factors. In situ environmental factors include surface irradiance (E0), attenuation coefficient (Kd), euphotic layer depth (Zeu), temperature (T), salinity (S), and nutrients (N, P, and Si). The strength of the linear relationship between each pair of variables is indicated by the color of the square, with significant relationships (p< 0.05) denoted by “1” or “-1” for significant positive and negative relationships, respectively.







4 Discussion

Nutrients, suspended particles, and light availability ultimately create a diversity of ecological habitats and affect the spatial distribution and physiological status of phytoplankton (Li et al., 2021, 2023). As an indicator of physiological status, Fv/Fm is sensitive to nutrient availability and phytoplankton community (Suggett et al., 2009b; Arrigo et al., 2010; Tan et al., 2019; Singh et al., 2022). Our Fv/Fm measurements taken at the surface generally reflected regional differences. In turn, the physical and biogeochemical status regulated phytoplankton physiology and production, as evidenced by the positive relationship between our Fv/Fm, Chl a, and productivity of ETR, GPP, and NCP (r > 0.65, Supplementary Figure 2). According to the average in situ irradiance during incubation, GPP (0.367 mmol O· m−³ h−¹–3.381 mmol O· m−³ h−¹) and NCP (0.348 mmol O· m−³ h−¹–2.926 mmol O· m−³ h−¹, Supplementary Figure 1) fell within the range of previous production rates of C-fixation, oxygen mass balance, and nutrient removal from the Changjiang River to the East China Sea (Gong et al., 2006; Hung et al., 2013; Wang et al., 2014; Jiao et al., 2018; Wang et al., 2019).



4.1 Phytoplankton responses to regional features



4.1.1 Tidal freshwater river mouth (Zone 1)

Dissolved inorganic nutrients were abundant in the tidal freshwater of the Changjiang River estuary due to riverine delivery, which was particularly enhanced by increased discharge during the wet summer season (Chen et al., 2009). Moreover, internal nutrient cycles, such as the remineralization of organic matter and desorption of DIP from particles, improved nutrient availability for phytoplankton growth (Shen, 2008). However, suspended particles and sediment resuspension under tidal influence created light limitations in the sediment maximum zone. Phytoplankton abundance was low, and photosynthetic activities (Fv/Fm) as well as production (GPP, NCP, and ETR) were constrained.




4.1.2 Plume region with upwelling impacts (Zone 2)

After passing through the sediment front, phytoplankton production of GPP, NCP, and ETR increased along the expansion of CDW (Zone 2), where light limitation was alleviated. Although the high N:P and Si:P ratios (>18) suggested potential P limitation (Wu et al., 2014; Wang et al., 2018), the relatively P-rich bottom water might be lifted by upwelling to the euphotic zone, thus easing P limitation. This is consistent with the Ekman transport of CDW during the summer monsoon and the intrusion of the TWC upwelling along the Changjiang submarine river valley (Li et al., 2023). The upwelling might persistently replenish NH4 in the euphotic layer from the bottom water, leading to high [NH4+] >30 μmol L−¹) penetrating into the surface (Supplementary Figure 3).

The greenbelt of phytoplankton along the east side of the upwelling grew in suitable light and nutrients (Yang et al., 2005), where Chl a, Fv/Fm, and productivity reached their maximum. The elevated Fv/Fm values (> 0.45) indicated favorable conditions regarding light and nutrient supply. These Fv/Fm observations were similar to previous reports of 0.48–0.62, where diatoms bloomed in the CDW during the summer of 2020 (Li et al., 2023).

The NCP/GPP ratios reflect the turnover of gross primary production to net autotrophic production (Palevsky et al., 2016). Our NCP/GPP ratios in the plume region (average: 0.78 in Zone 2) were the highest among offshore seawater and turbid river mouths, suggesting high efficiency of oxygen turnover rates in these optimal habitats.




4.1.3 The ocean side (Zone 3)

The nutrient levels further decreased in the seawater, particularly in samples taken from stations with relatively high Chl a), where nutrient assimilation likely further reduced dissolved nutrient concentrations in the water column. Although the concentrations of N and Si were above the thresholds for N limitation (1µmol L-1) and Si limitation (2 µmol L-1) (Nelson and Brzezinski, 1990; Yang et al., 2005) the ratios of N:P (> 16) and P concentration (< 0.1 µmol L-1) indicated absolute P limitation (Nelson and Brzezinski, 1990).

Irradiance in Zone 3 (317 μmol photons m-2 s-1) was generally close to or even higher than the saturation levels for EkGPP and EkNCP (296 μmol photons m-2 s-1) (Supplementary Table 2). This absolute P limitation, associated with light oversaturation, might have a negative effect on photosynthesis efficiency (Fv/Fm< 0.40), suppress electron supply, restrict oxygen production, and reduce phytoplankton abundance.





4.2 Physical and biological drivers on ΦGPP and ΦNCP

When applying the O2: CO2 stoichiometry of 1.4 given by Laws (Laws, 1991), the ETR to CO2 fixation ratios [electron requirement for carbon fixation (Φe: C)] ranged from 0.6 to 22.7 mol e- per mol C production for GPP and from 0.6 to 26.4 for NCP. These observations were similar to the previous results (Table 2).


Table 2 | Summary of mean values or ranges in previous research and our study.



It is well accepted that there is a tight linkage between ETR and biological oxygen production, whether calculated from GPP or NCP (Genty et al., 1989) Photosynthetic electron transfer begins with light absorption, which splits water in PSII reaction centers (RCIIs), requiring a minimum of 4 electrons per molecule of O2 (Kolber and Falkowski, 1993; Suggett et al., 2010). However, a portion of electrons is consumed in subsequent physiological processes, such as chlororespiration, the Mehler ascorbate peroxidase reaction, the nitrogen reductase cycle, and photorespiration (Suggett et al., 2009a).

In the studied regions, diatoms dominated the phytoplankton community from the river mouth to the plume region, while the proportion of dinoflagellates gradually increased in the offshore seawater. Cyanobacteria accounted for only 8%–10% at the river-end station and< 12% in the offshore seawater station influenced by the Kuroshio current (Li et al., 2023). During the 1960s–2000s, within the core upwelling area, diatom proportions increased by 40% and dinoflagellate proportions decreased by 17%, often leading to diatom dominance (Peng et al., 2023). Therefore, the deviation of Φ from the theoretical ratio raised questions about how physical and biological drivers modulate phytoplankton production and how to quantify the relationship between electron turnover and oxygen production along the estuary. Here, we discussed the impacts of nutrient availability, light, and phytoplankton community structure on Φ in the nutrient-rich CDW, NH4+-rich upwelling region, and P-limited seawater, respectively.

In nutrient-replete CDW (Zones 1 and 2; Shi et al., 2014; Li et al., 2023), Fv/Fm values indicated healthy growing conditions. Except for the upwelling region, the average ΦGPP (3.9 mol e− per mol O2 production, n = 10) was near the theoretical ratio. This result was slightly higher than the reported range of 2.3 mol e−–3.0 mol e− per mol O· production in Sagami Bay, where diatoms grew in silicate -sufficient water (Sarma et al., 2005) ΦGPP values are also close to the range of 3.4 mol e−–5.7 mol e− per mol O· production observed in six microalgal classes (Chlorophyceae, Prasihyceae, Cryptophyceae, Pelagophyceae, Bacillariophyceae, and Dihyceae) under nutrient-replete conditions (Suggett et al., 2009a). Similarly, the average ΦNCP (5.6 mol e− per mol O· production) approached the summer field observation (average: 4.5 mol e- per mol O2 production) in Sagami Bay (Sarma et al., 2005). The optimal conversion factor in this case may benefit from sufficient riverine nutrients.

In the upwelling region, the lowest ΦGPP value (0.8 mol e− per mol O· production) and ΦNCP (0.9 mol e− per mol O2 production) were found at station A3–2 (Melrose et al., 2006; Robinson et al., 2009, 2014). This was similar to the low observation of 0.8 mol e− per mol O2 production during diatom-dominant blooms in the Celtic Sea, North Atlantic Ocean (Robinson et al., 2009). These low Φ values might be attributed to diatom dominance and NH4+ enrichment from upwelling (Raateoja et al., 2004; Estevez-Blanco et al., 2006; Suggett et al., 2006a; Suggett et al., 2009a; Hughes et al., 2021). Hughes et al. (2021) found a lower Φe: C in diatoms than the theoretical value during the nutrient-replete state, and Suggett et al. (2009a) found that diatoms usually have relatively lower Φe: O compared to dinoflagellates. Diatoms express a higher NPQ ability through an energy-dependent mechanism (qE) that diverts excess excitation energy away from PSII before it enters the electron transport chain (Hughes et al., 2018a), which could lower Φ values.

Additionally, phytoplankton only consume 2 mol electrons to assimilate 1 mol NH4+, while the assimilation of NO4− requires an additional 8 mol electrons to be converted to NH4+ (Hughes et al., 2018a). As illustrated in Figure 10, upwelling continuously delivers NH4+ from the bottom water to the surface, and this NH4-N enrichment reduces the electron requirement and Φe: O (Melrose et al., 2006).




Figure 10 |  Conceptual summary highlighting the fluxes of the two major photosynthetic currencies in this study: electrons (ETRPSII − black lines) and oxygen (double gray lines).  Major and minor electron pathways are indicated by solid and dashed lines, respectively.



In the offshore seawater (Zone 3), ΦGPP (6.9 mol e−–31.8 mol e− per mol O2 production) and ΦNCP (8.7 mol e−–36.9 mol e− per mol O2 production) were significantly higher than in the rest of the region (p< 0.05). High conversion factors for ETR and carbon fixation rates have been reported in nutrient-limited regions such as the North Pacific (Lawrenz et al., 2013) and the summer Southern Ocean (Ryan-Keogh et al., 2018), attributed to a combination of nutrient limitation and high-light stress in surface waters. Similarly, high ΦGPP values were observed under photoinhibition (up to 20 mol e− per mol O2 production) in the Gulf of Thailand, with ΦGPP increasing with irradiance from 130 μmol photons m-2 s-1 to 1,000 μmol photons m-2 s-1 (Mino et al., 2013).

The observed P limitation, coupled with reductions in N and Si, restricted the physiological activity of phytoplankton and increased ΦGPP and ΦNCP (Supplementary Figure 4). These changes reduced the efficiency of electron utilization via photorespiration, chlororespiration through a plastid terminal oxidase (PTOX), and the Mehler reaction (Lawrenz et al., 2013) (Figure 10). Additionally, the increase in Φ is due to the regulation of photoprotection mechanisms that prevent the accumulation of photoelectrons. Electrons are dissipated through alternative electron flows, such as the Mehler reaction and terminal oxidases (Mehler, 1957; Badger et al., 2000; Bailey et al., 2008; Cardol et al., 2008; Ryan-Keogh et al., 2018). Moreover, dinoflagellates, the dominant phytoplankton group in Zone 3, were often characterized by higher conversion factors, with Φe: O ranging from 3.1 mol e− to 8.1 mol e− per mol O2−1 (Suggett et al., 2009a) and Φe: C up to 10.7 mol e− per mol C (Hughes et al., 2021). Although cyanobacteria accounted for only 8%–10% at the river-end station and< 12% at the offshore seawater station influenced by the Kuroshio Current (Li et al., 2023), flavoprotein-mediated pseudocyclic flows within cells can facilitate electron flow and increase Φe: O as well (Hughes et al., 2018a).




4.3 The relationship between Φ and NPQ: limited predictive capability

The NPQNSV is mechanistically linked to energy-dependent non-photochemical quenching processes. These processes consume excess electrons, serve as high-light protectors, and induce alternative electron pathways, all of which increase electron demands in oxygen production. Thus, NPQNSV is typically positively related to Φe: C, sometimes normalized by nRCII (chlorophyll-normalized number of reaction centers) as Φe: C/nRCII (Schuback et al., 2015, 2017; Ryan-Keogh et al., 2018; Hughes et al., 2018c). For example, linear regressions have been reported as Φe: C= 1.19 NPQ + 0.22 (R2 = 0.2, p< 0.001) or Φe: C/nRCII =5932.31 NPQNSV – 13070.25 (R2 = 0.7, p< 0.001) in the austral summer of the Southern Ocean (Ryan-Keogh et al., 2018). Hughes et al. (2018c) confirmed the feasibility of using NPQNSV as a predictor of Φe: C in Australian coastal waters from December to February, though the relationship varied with monthly examinations due to the seasonal differences in phytoplankton communities and their physiological responses to environmental changes. Additionally, a large spatial variation in slopes (2.34–12.2) was reported (2.34–12.2) in the coastal subarctic Northeast Pacific Ocean (Schuback and Tortell, 2019). Our predictions of Φ derived from NPQ had a significant degree of uncertainty. These quantitative relationships (ΦGPP = 9.52 NPQNSV – 3.28, R2 = 0.58; ΦNCP = 38.3 NPQNSV – 25.3, R2 = 0.71, Figure 8) explained 58% and 71% of the production variation, respectively, in the CDW water (Zone 1 and 2). The larger slope of ΦNCP compared to ΦGPP in the linear regression model was attributed to the extra oxygen consumption via respiration and photorespiration, as well as electron consumption after PSII reactions. Owing to nutrient limitation and photoinhibition (Lavaud et al., 2004; Lavaud and Kroth, 2006), however, the large discrepancies in Φ in Zone 3 weakened these relationships across the entire study region (ΦGPP = 7.21 NPQNSV +1.01, R2 = 0.64; ΦNCP = 6.99 NPQNSV +3.85, R2 = 0.67).




4.4 The relationship of Φe: O with environmental factors: improved regression analysis

The spatial variations in water properties from large rivers to seawater influence the community structure and physiology of plankton. Consequently, the responses of phytoplankton acclimation and structural differences in the photosynthetic apparatus often exhibit consistent fluorescence “signatures” related to PSII reactions and the electron requirements for carbon fixation or oxygen production (Schuback et al., 2015, 2017). In the Gulf of Finland, temperature, salinity, Kd, and Zeu were the best predictors of Φe: C (R2 = 0.561, p< 0.01) due to seasonal changes in vertical mixing and the depth of the surface mixed layer. In the Bedford Basin, the combination of low nutrient levels and sudden high light availability caused by elevated freshwater discharge after snowmelt and ice breakup resulted in Φe: C being highly correlated with temperature and salinity. Our multiple linear regression analysis of Φe: O with environmental factors (temperature, Kd, Zeu, P, and N/P ratio) performed better than the relationship between Φe: O and NPQNSV. This improved performance indicates that Φe: O is influenced by light, temperature, nutrient availability stoichiometric demands, and changes in the phytoplankton community across salinity gradients.





5 Conclusion

The application of underway FRRf becomes an alternative way to obtain photosynthetic characteristic parameters and measure productivity. This study optimized the method for estimating productivity by electron transport rates. Although NPQNSV indicated that the conversion factors ΦGPP (0.8 mol e- to 31.8 mol e- per mol O2 production) and ΦNCP (0.9 mol e- to 36.9 mol e- per mol O2 production) work well (R2 > 0.57, p< 0.01) from the river mouth to the plume area (Zones 1–2), the Φ values in offshore nutrient-limited seawater (Zone 3) form discrete points away from this regression due to saturated light, nutrient limitation, and potential changes in the phytoplankton community. Due to phytoplankton metabolism being regulated by changes from river plume to offshore seawater, the relationship between Φe: O and various environmental factors can better explain their spatial distribution in the Changjiang River Estuary. This improvement provides a major step forward for the widespread and accurate fluorometry-based GPP and NCP applications in high spatiotemporal resolution for future research.
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